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SECTORED LEAST-RECENTLY-USED 
CACHE REPLACEMENT 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to caches and, more particularly, to 
a least-recently-used cache replacement system. 

2. Description of the Related Art 
Since main system memory is typically designed for 

density rather than speed, microprocessor designers have 
added caches to their designs to reduce the microprocessor’s 
need to directly access main memory. A cache is a small 
memory that is more quickly accessible than the main 
memory. Computer systems may have a number of different 
levels of caches. For example, a computer system may have 
a “level one” (L1) cache and a “level tWo” (L2) cache. These 
caches are typically integrated With the microprocessor. 
Caches are typically constructed of fast memory cells such 
as static random access memories (SRAMs) Which have 
faster access times than the memories used for the main 
system memory (typically dynamic random access memo 
ries (DRAMs) or synchronous dynamic random access 
memories (SDRAMs)). The faster SRAMs are not typically 
used for main system memory because of their loW density 
and high cost. 
Many other types of caching are also possible. For 

example, the main system memory may act as a cache for the 
system’s sloWer direct access storage devices (e. g., hard disk 
drives). Other devices, such as hard drives, may also include 
internal caches to improve their performance. 
When a microprocessor needs data from memory, it 

typically ?rst checks its L1 cache to see if the required data 
has been cached. If not, the L2 cache is checked. At the same 
time, the data may be requested from memory, in case there 
is a miss in the L2 cache. If the L2 cache is storing the data, 
it provides the data to the microprocessor (typically at much 
higher rate and loWer latency than the main system memory 
is capable of), and if the data Was requested from memory, 
that request may be cancelled. If the data is not cached in the 
L1 or L2 caches (referred to as a “cache miss”), the data is 
read from main system memory or some type of mass 
storage device (e.g., a hard disk drive). Relative to accessing 
the data from the L1 cache, accesses to memory take many 
more clock cycles. Similarly, if the data is not in the main 
system memory, accessing the data from a mass storage 
device takes even more cycles. 

Caches typically operate on the principal of locality of 
reference, Which states that the data most recently used (and 
the data in that locality) is more likely to be accessed than 
the rest of the data. This principle holds because computer 
softWare typically has loops and branches that cause previ 
ously executed code to be re-executed. By storing recently 
accessed instructions and data in a cache, system perfor 
mance may be increased because the microprocessor need 
not Wait for the instructions and data to be read from main 
memory. 

Microprocessor and computer system architects have 
taken the locality of reference principle one step further by 
using techniques such as, branch prediction to proactively 
store instructions and data in the cache before they are 
actually needed by the microprocessor. In addition, When an 
instruction or byte of data is read from memory, additional 
bytes folloWing the instruction or data are read and cached. 
Once again, the principal of locality of reference dictates 
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2 
that these instruction and data bytes are more likely to be 
needed by the processor than the other data or instructions 
at large. 

There are several different Ways to map the system 
memory into the cache. One common approach utiliZes an 
n-Way set-associative cache, in Which the cache is seg 
mented into sets. Each set contains n cache lines. A cache 
line is a sequential group of bytes (e.g., 32 or 64). For 
ef?ciency purposes, cache memory transactions are typically 
in cache lines rather than in single bytes. Cacheable loca 
tions in main memory may each be assigned to one of the 
sets of cache lines. As a result, each location may be cached 
in any one of the n locations Within its assigned set. One 
special case of the n-Way set-associative cache is the direct 
mapped cache. In a direct-mapped cache, n=1, and thus each 
memory location maps to only one location in the cache. 
Another special case of the n-Way set-associative cache is 
the fully associative cache. In this case, n=m, Where m is the 
number of lines in the cache (and thus there is only one 
“set”). In this case, each memory location may map to any 
of the cache locations. 
TWo basic performance criteria for caches are hit ratio 

(i.e., the ratio of the memory accesses that are found in the 
cache to the total number of memory accesses) and search 
speed (i.e., hoW quickly a hit or miss determination can be 
made). In a direct-mapped cache, search speed is optimiZed 
at the cost of hit ratio. This is because it is relatively easy to 
determine hits/misses (since a memory location only maps 
to one cache line, only that line needs to be checked) but 
more dif?cult to have a high hit ratio since multiple memory 
locations map to a single cache line. Conversely, fully 
associative caches optimiZe hit ratios While sacri?cing 
search speed. AlloWing all memory locations to map to any 
cache line improves the probability that there Will be a hit 
but greatly increases the complexity of searches since all 
cache lines must be searched for each memory location. 
Set-associative caches attempt to compromise betWeen the 
tWo by offering more associativity (and thus higher hit 
ratios) than direct-mapped caches While also offering faster 
search speeds than fully-associative caches. 

Since cache siZe is limited by a number of factors 
(including die siZe, poWer consumption, and cost), care must 
be taken When loading information into the cache. Once 
particular area of concern for the designer arises When 
deciding a policy for overWriting or invalidating existing 
instructions and data in a cache to make room for neW 
instructions and data. Thus, in set-associative caches Where 
n>1 (and thus there are choices as to Which line to cache a 
particular memory location), there needs to be some Way to 
choose Which of the possible cache lines to ?ll With neW 
data. A common solution is to track the relative order of 
access to each cached memory location and then replace the 
least recently used instructions or data With neW instructions 
or data. This solution is based on the principle that recently 
accessed cache lines are more likely to be accessed again. 
Other solutions include random replacement and ?rst-in 
?rst-out techniques. 
On average, least-recently used (LRU) cache replacement 

algorithms provide better performance than other algo 
rithms. HoWever, in order to determine the least recently 
used (LRU) cache line in an n-Way set associative cache, 
conventional approaches require a signi?cant amount of 
complex hardWare, including counters and n-Way 
multiplexers, to implement the LRU algorithm. 
Additionally, status bits for each cache entry track the usage 
of each entry. The number of status bits required to imple 
ment a conventional LRU algorithm for a set With n Ways is 
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typically n*log2(n). When a neW entry is made in the set, the 
status bits are scanned to determine Which of the cache lines 
is the least recently used or invalid. The least recently used 
or invalid line is then evicted to make room for the neW 
entry. Drawbacks of a conventional LRU replacement algo 
rithm include the amount of hardWare and number of status 
bits time required to implement the algorithm as Well as the 
time and hardWare required to scan for invalid entries in the 
set. 

SUMMARY 

Various embodiments of methods and systems for imple 
menting a least recently used (LRU) cache replacement 
algorithm are disclosed. In a ?rst embodiment, a computer 
system that includes a processor, a system memory, and an 
N-Way set-associative cache coupled to the processor is 
disclosed. The N-Way set-associative cache includes a 
memory that is logically divided into at least one set. Each 
set includes N Ways (i.e., cache lines) that are each con?g 
ured to store a line (e.g., a data or instruction line) from the 
system memory. For eXample, if there is only one set, N may 
be the number of lines in the memory and the cache Will be 
fully-associative. Each set is further partitioned into several 
sectors that each include tWo or more of the N Ways. The 
computer system may also include multiple usage status 
indicators that indicate the relative usage status of the 
sectors in the set. For eXample, in one embodiment, the 
computer system may include multiple pointer registers that 
each store a pointer value identifying one of the sectors in an 
associated set. The pointer registers may each have an 
associated usage status. Thus, if a ?rst sector is the LRU 
sector in the set, the LRU pointer register may store a pointer 
value identifying that ?rst sector. Similarly, a most recently 
used (MRU) pointer register may store a pointer value 
identifying the MRU sector in the set. The cache controller 
for the N-Way set-associative cache is coupled to the pointer 
registers and may be con?gured to perform a ?ll in the set 
associated With the pointer registers by reading the value 
stored in the LRU pointer register and ?lling one of the Ways 
Within the LRU sector. 

In one embodiment, each of the sectors may contain tWo 
Ways. Since a single bit may uniquely identify each of the 
Ways in each sector, each of the pointer registers may be 
con?gured to store a bit identifying Which of the Ways in one 
of the sectors is a LRU Way. In these embodiments, the 
cache controller may be con?gured to perform a ?ll by 
reading the bit stored in the LRU pointer register and ?lling 
the LRU Way Within the LRU sector. 

There may be the same number of pointer registers as 
there are sectors in the associated set. In such an 

embodiment, the cache controller may assign and/or update 
the pointer values so that only one pointer value stored in 
any of the pointer registers identi?es a particular one of the 
sectors at any given time. Several comparators may be 
con?gured to compare the pointer values stored in the 
pointer registers to a sector identi?er identifying a sector 
being operated upon. The cache controller may be con?g 
ured to detect an error if more than one of the pointer values 
equals the sector identi?er. 

In some embodiments, the cache controller may be con 
?gured to update the pointer values stored in the pointer 
registers in response to an operation being performed on one 
of the Ways in the ?rst set. For eXample, if the operation 
affects the relative usage status of some of the sectors in the 
?rst set, the cache controller may update the pointer values 
so that the pointers consistently identify the relative usage 
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status of the sectors in the set. Thus, if the operation is an 
invalidation, the cache controller may update the pointer 
values by updating the LRU pointer value to identify a sector 
containing a Way invalidated by the operation and storing a 
pointer value stored in a neXt loWer usage status pointer 
register in each non-LRU pointer register that indicates 
usage status loWer than or equal to a pre-operation usage 
status of the sector containing the invalidated Way. 
Alternately, if the operation results in a hit and, as a result 
of the hit, a hit Way is not invalidated, the cache controller 
may update the pointer values by updating the MRU pointer 
value to identify a sector containing the hit Way and storing 
a pointer value stored in a neXt higher usage status pointer 
register in each pointer register that indicates usage status 
higher than or equal to a pre-operation usage status of the 
sector containing the hit Way. Or, if the operation Was a ?ll, 
the cache controller may update the pointer values by 
updating the MRU pointer value to identify the pre 
operation LRU sector and storing a pointer value stored in 
a neXt higher usage status pointer register in each non-MRU 
pointer register. 

In other embodiments, a cache subsystem is disclosed. 
This cache subsystem may be used in a computer system, as 
described above, or in any other suitable system. For 
eXample, the cache subsystem may be used as a cache for a 
disk drive or storage array. The cache subsystem may 
include multiple multiplexers that are each con?gured to 
output a value to be loaded into a pointer register so that the 
pointer values can be updated. 

In another embodiment, a method of ?lling an N-Way 
set-associative cache is disclosed. The method includes 
identifying a least recently used (LRU) sector Within a set. 
The set is partitioned into sectors, and each sector includes 
several Ways. The LRU sector is identi?ed using one or more 
usage status indicators that shoW the relative usage status of 
the sectors in the set. For eXample, multiple usage status 
pointers may correspond to the set. Identifying a LRU sector 
Within the set may involve determining Which sector the 
LRU usage status pointer points to, because the LRU usage 
status pointer points to the LRU sector in the set. The 
method may also involve storing the data line in one of a 
plurality of Ways Within the LRU sector, and, if storing the 
data line causes a change in usage status for any of the 
sectors in the set, updating one or more of the usage status 
pointers corresponding to the set. In some embodiments, the 
method may also involve identifying the LRU Way Within 
the LRU sector so that a more accurate LRU replacement 
algorithm may be implemented. For example, if each sector 
includes tWo Ways, the LRU Way in a sector may be 
identi?ed by the least signi?cant bit of the usage status 
pointer currently identifying that sector. 

Yet another embodiment discloses a method of perform 
ing cache line operations upon an N-Way set associative 
cache. The cache comprises one or more sets, and each set 
comprises N cache lines. The method includes performing 
an operation on a ?rst cache line Within a ?rst sector Within 
a ?rst set. The ?rst sector includes at least tWo of the N cache 
lines in the ?rst set. In response to performing the operation, 
several pointers that are con?gured to point to the sectors 
Within the set may be updated. For eXample, if the operation 
Was a ?ll and the ?rst sector comprises only valid cache lines 
after the ?ll, the MRU pointer may be updated to point to the 
?rst sector and the other pointers may each be updated to 
point to a sector that Was pointed to by a neXt higher usage 
status pointer before the ?ll. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of one embodiment of a 
computer system. 
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FIG. 2 shows one embodiment of an n-Way set 
associative cache. 

FIG. 3A illustrates one embodiment of a set of sector 
pointers. 

FIG. 3B shoWs hoW the pointers from FIG. 3A may be 
modi?ed according to one embodiment. 

FIG. 3C shoWs hoW the pointers from FIG. 3B may be 
modi?ed according to one embodiment. 

FIG. 4 is a block diagram of a system to update sector 
pointers according to one embodiment. 

FIG. 5 is a ?oWchart illustrating hoW sector and Way 
pointers may be used to implement a LRU replacement 
during a cache ?ll in one embodiment. 

FIG. 6 is a ?oWchart shoWing hoW to update sector and 
Way usage status according to one embodiment. 

FIG. 7 is a ?oWchart illustrating hoW sector pointers may 
be updated to re?ect the changed usage status of the sectors 
in the set in one embodiment. 

While the invention is susceptible to various modi?ca 
tions and alternative forms, speci?c embodiments thereof 
are shoWn by Way of example in the draWings and Will 
herein be described in detail. It should be understood, 
hoWever, that the draWings and detailed description thereto 
are not intended to limit the invention to the particular form 
disclosed, but on the contrary, the intention is to cover all 
modi?cations, equivalents and alternatives falling Within the 
spirit and scope of the present invention as de?ned by the 
appended claims. 

DETAILED DESCRIPTION OF EMBODIMENTS 

FIG. 1 shoWs a block diagram of one embodiment of a 
computer system 200 that includes a processor 10 coupled to 
a variety of system components through a bus bridge 202. 
Other embodiments of a computer system are possible and 
contemplated. In the depicted system, a main memory 204 
is coupled to bus bridge 202 through a memory bus 206, and 
a graphics controller 208 is coupled to bus bridge 202 
through an AGP bus 210. Several PCI devices 212A—212B 
are coupled to bus bridge 202 through a PCI bus 214. A 
secondary bus bridge 216 may also be provided to accom 
modate an electrical interface to one or more EISA or ISA 

devices 218 through an EISA/ISA bus 220. In this example, 
processor 10 is coupled to bus bridge 202 through a CPU bus 
224 and to an optional L2 cache 228. In some embodiments, 
the processor 10 may include an integrated L1 cache (not 
shoWn). 

Bus bridge 202 provides an interface betWeen processor 
10, main memory 204, graphics controller 208, and devices 
attached to PCI bus 214. When an operation is received from 
one of the devices connected to bus bridge 202, bus bridge 
202 identi?es the target of the operation (eg a particular 
device or, in the case of PCI bus 214, that the target is on PCI 
bus 214). Bus bridge 202 routes the operation to the targeted 
device. Bus bridge 202 generally translates an operation 
from the protocol used by the source device or bus to the 
protocol used by the target device or bus. 

In addition to providing an interface to an ISA/EISA bus 
for PCI bus 214, secondary bus bridge 216 may incorporate 
additional functionality. An input/output controller (not 
shoWn), either external from or integrated With secondary 
bus bridge 216, may also be included Within computer 
system 200 to provide operational support for a keyboard 
and mouse 222 and for various serial and parallel ports. An 
external cache unit (not shoWn) may also be coupled to CPU 
bus 224 betWeen processor 10 and bus bridge 202 in other 
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6 
embodiments. Alternatively, the external cache may be 
coupled to bus bridge 202 and cache control logic for the 
external cache may be integrated into bus bridge 202. L2 
cache 228 is shoWn in a backside con?guration to processor 
10. It is noted that L2 cache 228 may be separate from 
processor 10, integrated into a cartridge (e.g., slot 1 or slot 
A) With processor 10, or even integrated onto a semicon 
ductor substrate With processor 10. 

Main memory 204 is a memory in Which application 
programs are stored and from Which processor 10 primarily 
executes. A suitable main memory 204 comprises DRAM 
(Dynamic Random Access Memory). For example, a plu 
rality of banks of SDRAM (Synchronous DRAM) or Ram 
bus DRAM (RDRAM) may be suitable. 

PCI devices 212A—212B are illustrative of a variety of 
peripheral devices such as netWork interface cards, video 
accelerators, audio cards, hard or ?oppy disk drives or drive 
controllers, SCSI (Small Computer Systems Interface) 
adapters and telephony cards. Similarly, ISA device 218 is 
illustrative of various types of peripheral devices, such as a 
modem, a sound card, and a variety of data acquisition cards 
such as GPIB or ?eld bus interface cards. 

Graphics controller 208 is provided to control the render 
ing of text and images on a display 226. Graphics controller 
208 may embody a typical graphics accelerator generally 
knoWn in the art to render three-dimensional data structures 
that can be effectively shifted into and from main memory 
204. Graphics controller 208 may therefore be a master of 
AGP bus 210 in that it can request and receive access to a 
target interface Within bus bridge 202 to thereby obtain 
access to main memory 204. A dedicated graphics bus 
accommodates rapid retrieval of data from main memory 
204. For certain operations, graphics controller 208 may 
further be con?gured to generate PCI protocol transactions 
on AGP bus 210. The AGP interface of bus bridge 202 may 
thus include functionality to support both AGP protocol 
transactions as Well as PCI protocol target and initiator 
transactions. Display 226 is any electronic display upon 
Which an image or text can be presented. A suitable display 
226 includes a cathode ray tube (“CRT”), a liquid crystal 
display (“LCD”), etc. 

It is noted that, While the AGP, PCI, and ISA or EISA 
buses have been used as examples in the above description, 
any bus architectures may be substituted as desired. It is 
further noted that computer system 200 may be a multipro 
cessing computer system including additional processors 
(e.g. processor 10a shoWn as an optional component of 
computer system 200). Processor 10a may be similar to 
processor 10. More particularly, processor 10a may be an 
identical copy of processor 10. Processor 10a may be 
connected to bus bridge 202 via an independent bus (as 
shoWn in FIG. 2) or may share CPU bus 224 With processor 
10. Furthermore, processor 10a may be coupled to an 
optional L2 cache 228a similar to L2 cache 228. 

Turning noW to FIG. 2, one embodiment of an n-Way 
set-associative cache 100 is shoWn. With respect to a com 
puter system such as the one illustrated in FIG. 1, the cache 
100 may be con?gured as a L1 or L2 cache 228 or any other 
level of cache used in a similar computer system. 
Furthermore, the cache 100 may be con?gured as an instruc 
tion cache, a data cache, or a uni?ed cache for storing both 
instructions and data. In some embodiments, the cache 100 
may be integrated With a processor. 
As shoWn in the ?gure, execution core 11 is con?gured to 

communicate addresses and data With cache 100. Cache 
controller 110 is con?gured to receive address information 
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from execution core 11. Cache controller 110 is also con 
?gured to receive data from system memory 204, Write 
buffer 12, and/or execution core 11. Cache controller 110 is 
con?gured to use the address information to select the cache 
storage line Within Which to retrieve or store the correspond 
ing data bytes. For example, the cache controller 10 may be 
con?gured to access a plurality of tags that track Which 
entries are present in the cache 100. Cache 100 may be 
con?gured using a number of different levels of associativ 
ity. For example, in one embodiment, the cache 100 may be 
a fully-associative cache (i.e., n=the number of available 
lines in the cache), While in another embodiment the cache 
100 may be a 2-Way set-associative cache. The embodiment 
shoWn in the ?gure is an n-Way set-associative con?guration 
that comprises n cache lines for each set. These cache lines 
Within a set are also referred to as cache Ways, or simply 
Ways. 

The cache controller 110 may be con?gured to partition 
each set into one or more sectors, Where each sector includes 
tWo or more Ways, and to maintain one or more usage status 
indicators that indicate the relative usage status of these 
sectors. For example, an LRU usage status pointer may point 
to the LRU sector in the set. Alternately, status bits and/or 
counters may be used to track the relative usage status of 
each sector in the set. By partitioning the set into sectors and 
maintaining usage status indicators, a sectored LRU replace 
ment algorithm may be implemented. In some embodiments, 
a sectored LRU algorithm may require less hardWare and/or 
feWer status bits to implement than a true LRU algorithm. 
HoWever, this increased ef?ciency may result in slightly 
decreased accuracy in some embodiments, as Will be dis 
cussed in more detail beloW. 

Upon receiving neW data, the cache controller 110 is 
con?gured to store the data in one of the n cache lines in the 
set into Which the memory location of the data bytes maps. 
In this embodiment, the cache controller 110 is con?gured to 
store the data in a Way Within the least recently used sector 
of the set. For example, the cache controller 110 may be 
con?gured to ascertain the LRU sector of the set by deter 
mining Which sector a LRU pointer corresponding to that set 
points to. Additional pointers corresponding to the set may 
indicate the usage status (i.e., relative state of more or less 
recently used) of other sectors Within the set. For example, 
a most recently used pointer may point to the most recently 
used sector in the set. In some embodiments, once the LRU 
sector is identi?ed, the LRU Way Within that sector may be 
located using a LRU Way pointer or indication. 

The number of sectors may vary depending on the asso 
ciativity of the cache and hoW many Ways are assigned to 
each sector. For example, in an 8-Way set-associative cache 
Where tWo Ways/sector are desired, there may be 4 sectors in 
each set. Alternately, in a 16-Way set-associative cache With 
2 Ways per sector, there may be 8 sectors in each set. The 
siZe of the usage status pointers may also vary depending on 
the number of sectors. For example, if there are 4 sectors per 
set, the sector pointers may be at least log2(4)=2 bits in siZe 
so that the pointer values can uniquely identify each sector 
in the set. The set of usage status pointers may include a 
LRU pointer con?gured to indicate a LRU sector and a most 
recently used (MRU) pointer con?gured to indicate a MRU 
sector. Additional usage status pointers may be assigned to 
indicate gradations of usage status existing betWeen LRU 
and MRU. Thus, in some embodiments, there may be the 
same number of pointers as there are sectors so that each 
sector’s relative usage status can be determined based on 
Which pointer is currently pointing to that sector. 
By maintaining usage status indicators that track the 

usage status of the sectors Within the set, a sectored LRU 
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8 
algorithm may be used to select Which Way to replace When 
performing a cache ?ll. In a preferred embodiment, a sec 
tored LRU algorithm may require less hardWare and/or 
feWer status bits than a true, non-sectored LRU algorithm. 
Additionally, in embodiments using pointers, by assigning 
the usage status pointers to point to sectors, feWer and 
smaller pointers may be used to implement the pointer-based 
LRU algorithm than Would be used if the pointers pointed to 
Ways. These usage status pointers may be stored in pointer 
registers 14 and updated by pointer updater 16 in cache 
controller 10. 

FIG. 3A shoWs one example of hoW pointers may be 
assigned to sectors in an 8-Way set-associative cache Where 
there are 2 Ways/sector. In the embodiment shoWn in FIG. 
3A, the pointers P0—P3 form a monotonic set that shoWs the 
relative usage status of each sector. Thus, in this example, 
the LRU pointer, P0, indicates the least recently used sector 
and the MRU pointer, P3, indicates the most recently used 
sector. The remaining pointers may indicate the relative 
status of the other sectors, and thus P1 may point to a sector 
used more recently than P0, and P2 may point to a sector 
used more recently than P1. 
As FIG. 3A also shoWs, the LRU Way Within each sector 

may be tracked in some embodiments. This may alloW a 
more accurate LRU replacement algorithm to be imple 
mented. In this example, since there are tWo Ways per sector, 
1 bit may be used to track the LRU Way. Thus, in one 
embodiment, a 1-bit LRU Way pointer or status bit may be 
maintained for each sector. In another embodiment, the least 
signi?cant bit in the sector pointer may be used to indicate 
Which Way is the LRU Way. Thus, in the example shoWn in 
FIG. 3A, each pointer may have at least 3 bits: 2 bits to 
identify a sector and 1 bit to identify a Way Within a sector. 
If the usage status pointers are each 3 bits in siZe, they may 
be able to uniquely identify both a sector (using the most 
signi?cant 2 bits) and a Way Within that sector (using the 
least signi?cant bit). In other embodiments, there may be 
more than tWo Ways in each sector, and thus more bits may 
be used to track the LRU Way. Generally, in an embodiment 
Where the sector pointers indicate both a particular sector 
and the LRU Way Within that particular sector, the siZe of the 
sector pointers is equal to the sum of the number of bits used 
to uniquely identify a sector Within a set (log2(number of 
sectors in the set)) and the number of bits used to uniquely 
identify a Way Within a sector (log2(number of Ways per 
sector)). For example, if there are 16 Ways in a set and tWo 
Ways per sector, at least 3 bits are used to uniquely identify 
each of the 8 sectors and at least 1 bit is used to uniquely 
identify either of the 2 Ways in each sector. 
Some embodiments may only track the LRU sector and 

implement a less accurate LRU replacement algorithm. For 
example, such an embodiment may randomly replace a Way 
Within the LRU sector. In these embodiments, the usage 
status of each Way Within a sector may not be tracked, 
reducing the hardWare requirements to implement the sec 
tored LRU algorithm. HoWever, the someWhat reduced hit 
ratios of these embodiments may be less desirable than the 
hit ratios of embodiments implementing more accurate LRU 
algorithms. 

Note that a sectored LRU replacement algorithm may 
produce different results than a true LRU replacement 
algorithm (e.g., an algorithm that tracks the LRU Way in 
each set instead of the LRU sector in each set). For example, 
in an embodiment that uses usage status pointers, assume a 
set in an 8-Way set associative cache is partitioned into four 
sectors, S0—S3, each sector contains 2 Ways, and the sector 
pointers initially indicate that S0 is the LRU sector, S2 is 
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more recently used than S1, and S3 is the MRU sector. 
Furthermore, assume the LRU Way is tracked (e.g., using the 
least signi?cant bit of each sector pointer value). If four 
consecutive cache ?lls F1—F4 are performed on this set, the 
LRU Way in each of the sectors may be ?lled (and 
consequentially, each ?lled Way may become the MRU Way 
in its sector). To re?ect the changed usage status resulting 
from the four ?lls F1—F4, the sector pointers may be 
updated, and thus they may indicate that S0 is again the LRU 
sector after ?lls F1—F4 complete. If a ?fth ?ll F5 to the set 
occurs at this point, the LRU Way in S0 (the one not ?lled 
by F1) may be ?lled. If three consecutive cache accesses 
then hit in S1, S2, and S3 in the Ways ?lled by F2—F4 (the 
MRU Ways in sectors S1—S3), the sector pointers may be 
updated to re?ect the change in usage status, and thus at the 
end of the sequence of accesses, S0 Will again be the LRU 
sector. At this point, since S0 is the LRU sector, a ?ll F6 Will 
replace the LRU Way in S0, Which is the Way ?lled by F1. 
In contrast, if a true LRU algorithm is being used for the 
same series of instructions, the true LRU algorithm may 
select one of the LRU Ways in sectors S1—S3 (Which have 
not yet been accessed or ?lled) to be ?lled in response to ?ll 
request F6. Thus, in some situations, a sectored LRU 
replacement algorithm may not provide as much accuracy as 
a true LRU algorithm. 

Also note that more levels of partitioning may be used 
When implementing a LRU replacement algorithm using 
sector pointers. For example, assume a 32-Way set 
associative cache is partitioned into 4 sectors that each 
contain 8 Ways. Usage status indicators such as pointers may 
be used to track the relative usage status of each sector. Each 
sector may then. be partitioned into 4 subsectors that each 
contain 2 Ways. Additional subsector usage status indicators 
may be used to track the relative usage status of the 
subsectors in each sector. Other embodiments may imple 
ment additional levels of partitioning. 
A cache such as cache 100 may contain unknoWn values 

folloWing poWer up. Thus, in many embodiments, cache 
lines or Ways are marked as invalid (e.g., by clearing a 
validity bit) at startup. When implementing a sectored LRU 
algorithm using pointers, it may be useful to arbitrarily 
choose an initial pointer assignment. For example, in FIG. 
3A, the pointer assignment shoWn may be used as an 
initialiZation assignment. Thus, the ?rst time that the set is 
accessed, if none of the cache lines Within the set are valid, 
the pointers may be initialiZed to indicate that sector 0 is the 
LRU sector, W0 is the LRU Way Within sector 0, and so on, 
as shoWn in FIG. 3A. In this embodiment, the pointers are 
initialiZed so that each pointer points to a different sector, 
and thus no tWo pointers point to the same sector. While 
FIG. 3A shoWs one possible initialiZation assignment, many 
other initialiZation assignments are possible and contem 
plated. Note that the set of pointers indicates the relative 
usage of each sector, and thus the fact that any particular 
pointer points to a sector does not indicate Whether that 
sector is valid or not. For example, at initialiZation, all of the 
sectors are invalid, even the MRU sector pointed to by P3. 
Assuming the pointers are initialiZed to the values shoWn 

in FIG. 3A, the ?rst cache ?ll Will replace the least recently 
used Way in the least recently used sector. Thus, since the 
LRU pointer P0 points to sector 0 and Way 0 is the least 
recently used Way in LRU sector, Way 0 Will be replaced on 
a LRU replacement cache ?ll. Once Way 0 is ?lled, the 
pointers may be updated to re?ect the resulting change in the 
relative usage status of the Ways and/or sectors. This 
changed status is illustrated in FIG. 3B. 
As FIG. 3B shoWs, Way 0 may be promoted to the most 

recently used Way Within sector 0 as a result of the cache ?ll. 
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Also, sector 0 may be promoted to the most recently used 
sector by changing P3 to point to S0 (as opposed to S3, to 
Which P3 initially pointed). Furthermore, the usage status of 
each sector With a usage status higher than sector 0’s pre-?ll 
usage status may be demoted. Accordingly, P0 may be 
modi?ed to point to S1 (Which Was formerly pointed to by 
P1), P1 may be modi?ed to point to S2 (Which Was formerly 
pointed to by P2), and P2 may be modi?ed to point to S3 
(Which Was formerly pointed to by P3). Thus, as a result of 
the cache ?ll, the ?lled Way may be promoted by the MRU 
pointer taking the value of the LRU pointer. Furthermore, all 
the other pointers may take the value of the pointer indicat 
ing the next higher usage status, effectively demoting the 
sectors identi?ed by these values. 

FIG. 3C shoWs hoW the pointers may be modi?ed in 
response to a cache line invalidation, assuming the pointers’ 
previous values are those shoWn in FIG. 3B. In FIG. 3C, Way 
4 has been invalidated. For example, cache line 4 may be 
invalidated as a result of a probe indicating that data stored 
in Way 4 is being updated in another memory (e.g., another 
cache or system memory). Since Way 4 has been invalidated, 
it may be demoted to the least recently used Way (although 
in this example, Way 4 Was already the least recently used 
Way in its sector). Furthermore, sector 2 may be demoted to 
the least recently used sector as a result of the invalidation. 
Thus, P0 may be modi?ed to point to S2. As S2 is demoted, 
the sectors With loWer usage status than S2 may be promoted 
to higher usage status by having the pointers (other than P0) 
indicating equal or loWer usage status than S2’s pre 
invalidation status take the value of the next loWest usage 
status pointer. Thus, sector 1 may be promoted by having P1 
take P0’s value, causing P1 to point to sector 1. 

Other operations may also affect the usage status of a 
sector. A cache hit may result in a hit Way being promoted 
to MRU Way and the sector containing the hit Way being 
promoted to MRU sector. HoWever, this may vary depend 
ing on the con?guration of the cache. For example, the cache 
may be an L2 cache that is exclusive With respect to an L1 
cache (i.e., the L2 only stores lines that are not present in the 
L1). If there is a hit in the exclusive L2 cache, the data in the 
hit Way may be copied to the L1 cache and the hit Way in the 
exclusive L2 cache may be invalidated to maintain exclu 
sivity. Accordingly, an exclusive L2 cache hit may be treated 
as an invalidation and thus result in demotion instead of 
promotion. One exception to this may arise if the exclusive 
L2 cache stores translation lookaside buffer (TLB) informa 
tion and the TLB data is not copied to the L1 cache on a TLB 
hit. In that embodiment, a TLB hit in a cache line may cause 
that cache line’s usage status to be promoted instead of 
causing the cache line to be invalidated and/or its usage 
status.demoted. If instead the cache is a non-exclusive 
cache, a hit may not result in an invalidation and thus the hit 
sector/Way may be promoted to MRU sector/Way as a result 
of the hit. In the remainder of this disclosure, the term “hit” 
includes hits that result in usage status promotion and the 
term “invalidation” includes hits that result in usage status 
demotion, unless otherWise indicated. 

In many embodiments, P0 may be con?gured to only 
point to a valid sector (i.e., a sector containing no invalid 
Ways) if all other sectors in the set are valid. Thus, so long 
as at least one sector in the set is invalid, P0 may not point 
to a valid sector. In these embodiments, the validity of the 
sector pointed to by P0 may indicate the overall validity of 
the set. For example, if P0 points to a sector containing only 
valid Ways, all sectors in the set may be assumed to contain 
only valid Ways. One embodiment may implement this by 
not promoting the LRU sector due to a cache hit or ?ll unless 
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all Ways in that sector are valid after the hit or ?ll. Thus, the 
example shown in FIG. 3B may be modi?ed so that the LRU 
Way bit for S0 is still toggled after the ?ll, but the LRU 
pointer is not updated until either the remaining invalid Way 
is ?lled or until another sector is demoted by an invalidation 
(such as shoWn in FIG. 3C). 

Similarly, it may be desirable to prevent any sector that 
contains an invalid Way from being promoted to the MRU 
sector. For example, in some embodiments, if a Way Within 
a non-MRU sector is invalid, a hit on a valid Way Within that 
sector may not result in that sector being promoted to MRU. 
Similarly, if a non-MRU sector includes an invalid Way, 
?lling one of the Ways in that sector may not result in that 
sector being promoted unless all of the Ways are valid after 
the ?ll. In embodiments implementing this restriction, ?lls 
may be directed toWards invalid Ways. In contrast, in 
embodiments that do not include this restriction, a situation 
may arise Where the only invalid Way in the set is in the 
MRU sector. If a ?ll occurs, a valid Way in the LRU sector 
Will be replaced, even though there is an invalid Way in the 
MRU sector. Thus, if sectors are not promoted to MRU 
While they contain invalid Ways, a more accurate LRU 
replacement may be performed. 

FIG. 4 shoWs one embodiment of a system for updating 
the usage status pointers to the sectors Within a set. In this 
example, the cache using the algorithm is a 16-Way set 
associative cache having 2 Ways per sector. Thus, there are 
8 sectors and 8 sector pointers in this example. HoWever, in 
other embodiments, there may be different numbers of 
sectors and/or Ways per sector. 

In this embodiment, 8 pointer registers 403 store pointers 
P0—P7. The pointer values stored in the pointer registers 403 
identify one of the 8 sectors in a particular set. In this 
example, the pointers indicate usage status according to their 
numbering, and thus P0 points to the least recently used 
sector and P7 points to the most recently used sector. 
Likewise, pointers P1—P6 indicate graduations of usage 
status betWeen least recently and most recently used. For 
example, P4 points to a more recently used sector than P2. 

When an operation is being performed on a Way Within 
the set, several identifying signals may identify Which sector 
is being operated on (e. g., ?lled, hit, invalidated, etc.). In this 
example, there are 8 identifying signals. These signals may 
be generated by logic in a cache controller. In response to 
one of the 8 identi?ers indicating that an operation is being 
performed on a sector in the set, the encoder 411 outputs a 
3-bit signal indicative of Which sector is being operated on. 
Thus, if sector 4 is being operated on, the identifying signals 
may indicate ‘00001000’ and the encoder 411 may output 
‘100.’ Note that the encoder 411 and the identifying signals 
may use other encoding schemes in other embodiments. 
Additionally, in another embodiment, the encoder 411 may 
output a 4-bit signal, Where the most signi?cant 3 bits 
identify Which sector is being operated on and the least 
signi?cant bit indicates Which Way Within that sector is 
being operated on. Other input signals that identify the type 
of operation being performed (e.g., an invalidation, ?ll, hit, 
etc.) may also be received. 

The comparators 401 may compare the sector identi?er 
output by the encoder 411 With the pointer values stored in 
each of the pointer registers 403. If one of the pointer values 
equals the sector identi?er output by the encoder 411, the 
pointer having that pointer value points to the sector being 
operated on. Thus, the usage status of the sector being 
operated may be identi?ed by the comparator outputs. For 
example, if P4Hit=‘1’ and all other PnHit values are ‘0’, the 
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12 
sector being operated on has usage status corresponding to 
P4 (4 usage status gradations higher than LRU and 3 usage 
status gradations loWer than MRU). The usage status of the 
sector being operated on may be used to update the usage 
status of other sectors after the operation. Thus, the com 
parator outputs PnHit may be used to control the outputs of 
the MUXs 405, Which in turn control the values stored in the 
pointer registers 403. 

In some embodiments, the pointers P0—P7 may be initial 
iZed and updated in such a Way that only one pointer points 
to a given sector at any particular time. In these 
embodiments, only one of the comparators 401 may indicate 
equality for any given comparison. Thus, the comparator 
outputs may be used as parity bits. A parity generator 415 
may be used to detect parity errors based on the comparator 
outputs. For example, if each comparator 401 outputs a ‘1’ 
if the sector identi?ed by the encoder 401 equals the sector 
pointed to by the associated pointer, only one comparator 
411 should output a ‘1’ at any given time. The parity 
generator 415 may include XOR logic con?gured to check 
for odd parity. If more than one comparator 401 outputs a 
‘1,’ or if none of the comparators output a ‘1,’ the parity 
generator may detect a parity error. Other embodiments may 
use other parity detection logic. Embodiments Where the 
comparator outputs may be used for parity detection may 
provide protection for the usage status pointers Without 
requiring additional parity bits. 
The MUXs 405 control Which values are stored in the 

pointer registers 403. In general, the MUXs 405 may control 
the values loaded into their associated pointer registers 403 
based on the type of cache operation occurring, that opera 
tion’s effect on a cache line in the set, and the pre- and 
post-operation usage status of the sector being operated on. 
In this embodiment, each MUX 405B—G (except the MUXs 
controlling the LRU and MRU pointers (MUXs 405A and 
405H), Which have slightly different inputs) has four inputs: 
a left neighbor (i.e., the pointer value contained in the next 
loWer usage status pointer register), a right neighbor (i.e., the 
pointer value contained in the next higher usage status 
pointer register), an initialiZation value, and a current value. 
Note that the terms “left” and “right” are used for ease of 
reference and that these terms do not imply any structural 
limitation on the physical orientation of the pointer registers 
relative to each other. 

In embodiments using these four values as MUX inputs, 
the number of MUX inputs may be independent of both the 
number of Ways per sector and the number of sectors. If the 
number of sectors is increased, a corresponding increase in 
the number of MUXs 405 may be used to implement the 
sectored LRU algorithm. As Will be explained in more detail 
beloW, hoWever, an increase in the number of Ways per 
sector may involve an overall increase in the total amount of 
hardWare used to perform a more accurate LRU algorithm 
that tracks both the LRU sector and the LRU Way Within that 
sector. 

The MUXs 405A—H may cause the initialiZation values to 
be loaded into the pointer registers 403A—H Whenever an 
initialiZation event occurs. For example, an initialiZation 
event may occur if all the Ways in all the sectors are marked 
invalid or if a parity error is detected. Startup may be another 
initialiZation event. 

The MUXs 405B—H may load the value stored in the next 
loWer usage status pointer register 403A—G (i.e., the left 
neighbor in this example) into a pointer register 403B—H 
When usage statuses for various sectors are being promoted. 
For example, if an invalidation causes one of the sectors in 
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the set to be demoted to the LRU sector, the sectors that had 
usage statuses lower than the pre-demotion usage status of 
the demoted sector may be promoted. Thus, if the sector 
pointed to by P6 Was demoted to the LRU sector, pointers 
registers 403B—G may be updated With the pre-demotion 
pointer values stored in pointer registers 403A—F. 

Similarly, a MUX 405A—G may load the pointer value 
contained in the next higher usage status pointer register 
403B—H (i.e., the right neighbor in FIG. 4) When usage 
statuses for various sectors are being demoted. For example, 
When a cache ?ll causes the LRU sector to be promoted, the 
other sectors are demoted, and thus the pointer registers 
403A—G (i.e., all the pointer registers except the MRU 
pointer register 403H) may load the pointer value contained 
in the next higher usage status pointer register 403B—H. 
A MUX 405A—H may load a current value Whenever an 

event occurs that doesn’t change the usage status of the 
sector currently pointed to by the associated pointer. In 
another embodiment, in response to operations that do not 
change the pointer value, the sector pointer updater may be 
con?gured to inhibit the loading of the pointer register 
instead of loading the current value of a pointer register via 
one of the MUXs. 

The MUX 405A controlling the value of the LRU pointer 
P0 has an input for the sector identi?er output by the encoder 
411 instead of an input for the pointer value stored in the 
next loWer usage status pointer register. This is because (a) 
there is no loWer usage status pointer register, and (b) if a 
cache line invalidation occurs, the sector containing the Way 
being invalidated may become the LRU sector. Thus, the 
value of the LRU pointer P0 may become the sector iden 
ti?er output by the encoder 411 if the operation being 
performed is an invalidation. Generally, the MUX 405A may 
update the LRU pointer register 403A so that the LRU 
pointer consistently points to Whichever sector is currently 
the least recently used sector in the set. 

The MUX 405H controlling the MRU pointer P7 has an 
input controlled by a second MUX 409 instead of a next 
higher usage status pointer value input (i.e., right neighbor 
input). The additional MUX 409 may select either the value 
stored in the LRU pointer register 403A or the value of the 
sector identi?er output from the encoder 411. For example, 
if a cache ?ll is performed, the LRU Way in the LRU sector 
may be ?lled. Then, the LRU sector may be promoted to the 
MRU sector, and thus the MRU pointer register 403H may 
load the value of the LRU pointer after a cache ?ll. 
Likewise, if a cache hit occurs, the sector identi?er output by 
the encoder 411 may be loaded into the MRU pointer 
register 403H. In an embodiment Where the least signi?cant 
bit of the sector identi?er indicates the relative usage status 
of the tWo Ways in that sector, an inverter 407 may, if 
appropriate, toggle the least signi?cant bit of the value 
stored in the LRU pointer register 403A to change the LRU 
Way in that sector to the MRU Way as that sector is promoted 
to MRU sector. For example, in this embodiment, 3 bits in 
each pointer may be used to indicate one of the sectors and 
1 bit may indicate a LRU Way Within that sector. If the LRU 
Way in that sector changes (e.g., as the result of a ?ll), the 
change can be noted by toggling the single bit that indicates 
the usage status of the Ways. Note that in embodiments 
having more than tWo Ways per sector, additional hardWare 
may be used to modify the usage status of the Ways. 

In some embodiments, the MUXs 405H and 409 control 
ling the MRU pointer register value may be con?gured to 
load the LRU pointer value after a cache ?ll only if the sector 
pointed to by the LRU register 403A doesn’t contain any 
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invalid Ways. Similarly, the LRU pointer may be con?gured 
to continue to point to the pre-?ll LRU sector if the LRU 
sector contains at least one invalid Way after the ?ll. These 
embodiments may prevent a sector containing any invalid 
Ways from being promoted to MRU sector When any other 
sector(s) contain only valid Ways. For example, if the LRU 
sector contains an invalid Way after a cache ?ll, the ?lled 
Way Will be promoted to MRU Way. On the next cache ?ll 
to this set, the remaining invalid Way (noW the LRU Way) 
may be ?lled and become valid, and the sector may then be 
promoted to MRU sector if no other invalid Ways are 
present. In embodiments Where there are tWo Ways per 
sector and the least signi?cant bit of the pointer value 
identi?es the LRU Way, additional hardWare (e.g., an 
inverter and/or another MUX) may be used to toggle the 
least signi?cant bit of the pointer value stored in P0 after the 
LRU Way in the sector pointed to by P0 is ?lled. This Way, 
if there are tWo invalid Ways in the LRU sector before a ?ll, 
the LRU may be ?lled and become the MRU Way and the 
remaining invalid Way may become the LRU Way in the 
LRU sector as a result of the ?ll. Note that other 
embodiments, such as the one shoWn in FIG. 3C, may not 
include this restriction on the circumstances under Which the 
LRU sector may be promoted. 

In an embodiment Where there are 2 Ways per sector, Way 
pointer updaters may have very simple con?gurations. For 
example, the Way pointer updater may be con?gured to 
toggle the Way bit in response to a hit, ?ll, or invalidation 
and to leave the Way bit unchanged otherWise. If the Way 
pointer is implemented as the least signi?cant bit of the 
sector pointer, the system shoWn in FIG. 4 may be able to 
update both the sector and the Way pointers With minimal or 
no adjustment. 

If there are more than 2 Ways per sector, the number of 
sectors and thus the corresponding siZe of the sector pointers 
for a given set may be reduced. In some embodiments 
implementing Way pointers, additional hardWare may be 
used to implement the Way pointer updater. For example, if 
several bits are used in the Way pointers, the Way updater 
hardWare may be similar to that used to update the sector 
pointers in FIG. 4. In some embodiments With more than tWo 
Ways per sector, a different algorithm (e.g., random 
replacement) may be used to select a Way Within the LRU 
sector for replacement instead of maintaining Way pointers. 

If there are only tWo sectors per set, more complex Way 
pointer updater hardWare may be used. Since 1 bit may be 
used to identify each sector, this embodiment may effec 
tively simplify the hardWare allocated for sector pointers and 
sector pointer updaters. 

Turning noW to FIG. 5, a ?oWchart shoWs hoW a set of 
usage status pointers may be used to implement an LRU 
cache replacement algorithm. At 501, a set is identi?ed for 
the replacement. For example, if a cache ?ll from memory 
is being performed, the cache controller may identify Which 
set that memory location maps to. The LRU sector in the set 
is located by determining Which sector the LRU pointer is 
pointing to, as shoWn at 503. In embodiments Where both the 
LRU sector and the LRU Way are tracked, the LRU Way 
Within the LRU sector is identi?ed using the LRU Way 
pointer, as indicated at 505. For example, the LRU Way 
pointer may be the least signi?cant bit of the LRU sector 
pointer. Data may be stored in the LRU Way Within the LRU 
sector, at 507. In embodiments Where the LRU Way is not 
tracked, the data may be stored Within any of the Ways 
Within the LRU sector. If any of the sectors’ statuses have 
changed, the usage status pointer values may be updated to 
re?ect the changed statuses. For example, the MRU pointer 
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may be updated to point to the sector containing the ?lled 
Way. In other embodiments, other usage status indicators 
may be used instead of pointers to track the relative usage 
status of the sectors. 

FIG. 6 shoWs hoW performing a hit, ?ll, or invalidation 
operation on a cache line may affect the usage status of the 
sector containing that line and the status of the line itself. 
Note that other operations that affect usage status are pos 
sible (e.g., initialiZation, etc.). If the operation is a ?ll, as 
indicated at 603 and 605 (or a hit, if the cache is con?gured 
so that a hit doesn’t result in an invalidation), the ?lled line 
may be promoted to the MRU line in its sector. If all of the 
lines in that sector are valid after the ?ll, the sector may be 
promoted to MRU sector, at 608. In some embodiments, if 
any of the lines in the sector are invalid after the ?ll or hit, 
the usage status of the sector may remain unchanged so that 
a sector With an invalid line is never promoted to MRU 
sector. 

If the operation is an invalidation, as indicated at 603 and 
615, the invalidated line may be demoted to LRU line in its 
sector. Similarly, the sector containing the invalidated line 
may be demoted to LRU sector, at 617. 

FIG. 7 is a ?oWchart shoWing hoW a group of usage status 
pointers corresponding to a set may be updated in response 
to certain operations being performed on a Way in the set. 
The pointers may be updated so that they consistently 
indicate the current usage status of each sector in the set. 
Thus, some operations may require some pointer values to 
be modi?ed, causing some of the pointers change Which 
sector they point to. 

If an initialiZation even occurs, as indicated at 701, all of 
the pointers may be assigned their initialiZation value. For 
eXample, in an 8-Way set-associative cache With tWo Ways 
per sector, initialiZation values may be assigned by initial 
iZing the pointer values to those shoWn in FIG. 3A. 

If a Way Within the set is invalidated, the sector containing 
that Way may have its usage status demoted to LRU sector. 
Thus, the pointer value for the LRU pointer may be updated 
to identify the sector containing the invalidated Way, at 715. 
Additionally, any sector(s) that have loWer usage status than 
the pre-invalidation usage status of the sector containing the 
invalidated Way may have their usage status promoted. 
Thus, the pointer values for the non-LRU pointers that 
indicate usage status loWer than or equal to the demoted 
sector’s pre-invalidation status may each be updated to equal 
the pre-invalidation value of the neXt loWer usage status 
pointer (e.g., left neighbor in FIG. 4). 

If a Way is ?lled (or hit in embodiments Where a hit 
doesn’t lead to an invalidation), the sector containing that 
Way may be promoted to MRU sector. The non-MRU 
pointers that indicate usage status higher than or equal to the 
pre-promotion status of the ?lled (or hit) sector may each be 
updated With the pre-promotion value of the neXt higher 
usage status pointer (e.g., right neighbor in FIG. 4). 
As noted before, other sector-based replacement schemes 

may be implemented using devices other than pointers to 
track the relative usage status of the pointers. For eXample, 
in some embodiments, the cache controller may be con?g 
ured to partition each line into sectors and to use status bits 
and/or counters to track the relative usage status of the 
sectors. In general, any suitable usage status indicator(s) 
(e. g., counters, pointers, status bits) may be used to track the 
relative usage status of the sectors in a set. In response to 
various cache operations (e.g., ?lls, invalidations, and hits), 
the cache controller may be con?gured to modify these 
usage status indicators to update the usage status of the 
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sectors. For eXample, if the usage status indicators include 
counters, the cache controller may be con?gured to incre 
ment or decrement a counter When updating the usage status 
of a sector. These embodiments may also include multiple 
levels of subsectors, and each level of sectors and subsectors 
may have its oWn set of usage status indicators. 

Numerous variations and modi?cations Will become 
apparent to those skilled in the art once the above disclosure 
is fully appreciated. It is intended that the folloWing claims 
be interpreted to embrace all such variations and modi?ca 
tions. 
What is claimed is: 
1. A computer system comprising: 
a processor, 

a system memory; 

an N-Way set-associative cache coupled to the processor, 
Wherein the cache comprises a memory logically 
divided into at least one set, Wherein each set comprises 
N Ways, Wherein each set is further partitioned into a 
plurality of sectors, Wherein each sector comprises a 
plurality of the N Ways, and Wherein each Way is 
con?gured to store a line from the system memory; and 

a plurality of pointer registers each con?gured to store a 
pointer value identifying one of the sectors in an 
associated one of the sets, Wherein a least recently used 
(LRU) pointer register associated With a ?rst set is 
con?gured to store a LRU pointer value identifying a 
LRU sector Within the ?rst set, Wherein a most recently 
used (MRU)) pointer register associated With the ?rst 
set is con?gured to store a MRU pointer value identi 
fying a MRU sector Within the ?rst set; and 

a cache controller coupled to the pointer registers and 
con?gured to perform a ?ll in the ?rst set by reading the 
value stored in the LRU pointer register and ?lling one 
of the Ways Within the LRU sector in the ?rst set. 

2. The computer system of claim 1, Wherein each of the 
sectors comprises 2 Ways, and Wherein each of the pointer 
registers is further con?gured to store a bit identifying Which 
of the tWo Ways in a respective one of the sectors is a LRU 
Way. 

3. The computer system of claim 2, Wherein the cache 
controller is further con?gured to perform the ?ll by reading 
the bit stored in the LRU pointer register and ?lling the LRU 
Way Within the LRU sector. 

4. The computer system of claim 1, Wherein there are a 
same number of pointer registers as there are sectors in the 
associated one of the sets, and Wherein the cache controller 
is con?gured to update pointer values so that only one 
pointer value stored in any of the pointer registers identi?es 
a particular one of the sectors at any given time. 

5. The computer system of claim 4, further comprising a 
plurality of comparators con?gured to compare the pointer 
values to a sector identi?er identifying a sector being 
operated upon, Wherein the cache controller is further con 
?gured to detect an error if more than one of the pointer 
values equals the sector identi?er. 

6. The computer system of claim 4, Wherein the cache 
controller is further con?gured to update the pointer values 
stored in the pointer registers in response to an operation 
being performed on one of the Ways in the ?rst set that 
affects a relative usage status of the sectors in the ?rst set. 

7. The computer system of claim 6, Wherein if the 
operation is an invalidation, the cache controller is further 
con?gured to update the pointer values by: 

updating the LRU pointer value to identify a sector 
containing a Way invalidated by the operation; and 
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in each other pointer register that indicates usage status 
loWer than or equal to a pre-operation usage status of 
the sector containing the invalidated Way, storing a 
pointer value stored in a neXt loWer usage status pointer 
register. 

8. The computer system of claim 6, Wherein if the 
operation results in a hit and, as a result of the hit, a hit Way 
is not invalidated, the cache controller is further con?gured 
to update the pointer values by: 

updating the MRU pointer value to identify a sector 
containing the hit Way; and 

in each pointer register that indicates usage status higher 
than or equal to a pre-operation usage status of the 
sector containing the hit Way, storing a pointer value 
stored in a neXt higher usage status pointer register. 

9. The computer system of claim 6, Wherein if the 
operation is a ?ll and, as a result of the ?ll, each Way in the 
LRU sector is valid, the cache controller is further con?g 
ured to update the pointer values by: 

updating the MRU pointer value to identify the pre 
operation LRU sector; and 

in each other pointer register, storing a pointer value 
stored in a neXt higher usage status pointer registers. 

10. The computer system of claim 1, Wherein the cache is 
a fully-associative cache. 

11. A method of ?lling an N-Way set-associative cache, 
cornprising: 

storing a plurality of usage status pointers, Wherein each 
of the plurality of usage status pointers is stored in a 
corresponding one of a plurality of pointer registers; 

identifying a least recently used (LRU) sector Within a set, 
Wherein the set is partitioned into a plurality of sectors, 
Wherein each sector comprises a plurality of Ways, 
Wherein the plurality of usage status pointers corre 
spond to the set, Wherein said identifying comprises 
determining Which sector a LRU usage status pointer 
points to, Wherein the LRU usage status pointer points 
to the LRU sector; 

storing a data line in one of a plurality of Ways Within the 
LRU sector; and 

if said storing causes a change in usage status for any of 
the sectors in the set, updating one or more of the usage 
status pointers corresponding to the set. 

12. The method of claim 11, further comprising: 
identifying a LRU Way Within the LRU sector; and 
Wherein said storing further comprises storing the data 

line in the LRU Way Within the LRU sector. 
13. The method of claim 12, Wherein each sector corn 

prises 2 Ways. 
14. The method of claim 13, Wherein said identifying the 

LRU Way Within the LRU sector cornprises checking a least 
signi?cant bit in the LRU usage status pointer, Wherein the 
bit indicates Which of the 2 Ways in the LRU sector is the 
LRU Way. 

15. The method of claim 12, Wherein if, as a result of said 
storing, each Way in the LRU sector is valid, said updating 
cornprises updating a most recently used (MRU) usage 
status pointer to point to the current LRU sector, and 
updating each other usage status pointer to point to a sector 
pointed to by a neXt higher usage status pointer. 

16. The method of claim 11, further comprising perforrn 
ing an operation on a ?rst Way Within a ?rst sector in the set 
and, in response to said perforrning, updating the usage 
status pointers by: 

if the operation is an invalidation, updating the LRU 
usage status pointer to point to the ?rst sector, and 
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updating each other usage status pointer that indicates 
usage status loWer than or equal to a pre-operation 
usage status of the ?rst sector to point to a sector 
pointed to by a neXt loWer usage status pointer; or 

if the operation results in a hit and, as a result of the hit, 
the ?rst Way is not invalidated, updating the most 
recently used (MRU) usage status pointer to point to 
the ?rst sector, and updating each other usage status 
pointer that indicates usage status higher than or equal 
to a pre-operation usage status of the ?rst sector to point 
to a sector pointed to by a neXt higher usage status 
pointer. 

17. Arnethod of performing cache line operations upon an 
N-Way set associative cache comprising one or more sets, 
Wherein each set cornprises N cache lines, the method 
comprising: 

performing an operation on a ?rst cache line Within a ?rst 
sector of a plurality of sectors Within a ?rst set of the 
one or more sets, Wherein the ?rst sector comprises at 
least tWo of the N cache lines in the ?rst set; 

in response to said perforrning, updating a plurality of 
pointers con?gured to each point to one of the plurality 
of sectors Within the ?rst set, Wherein the plurality of 
pointers comprise a least recently used (LRU) pointer 
and a most recently used (MRU) pointer, Wherein said 
updating cornprises: 

if the operation Was a ?ll and the ?rst sector cornprises 
only valid cache lines after said perforrning, updating 
the MRU pointer to point to the ?rst sector and updat 
ing others of the pointers to each point to a sector that 
Was pointed to by a neXt higher usage status pointer 
before said perforrning. 

18. The method of claim 17, Wherein said updating further 
comprises: 

if the operation Was an invalidation, updating the LRU 
pointer to point to the ?rst sector and updating others of 
the pointers that indicate usage statuses loWer than or 
equal to a usage status indicated by a second pointer 
that pointed to the ?rst sector before said perforrning, 
Wherein said updating others cornprises causing the 
others of the pointers to each point to a sector that Was 
pointed to by a neXt loWer usage status pointer before 
said perforrning. 

19. The method of claim 17, Wherein said updating further 
comprises: 

if the operation resulted in a hit and a Way hit by the 
operation is not invalidated as a result of the operation, 
updating the MRU pointer to point to the ?rst sector 
and updating others of the pointers that indicate usage 
statuses higher than or equal to a usage status indicated 
by a third pointer that pointed to the ?rst sector before 
said perforrning, Wherein said updating others of the 
pointers cornprises causing the others of the pointers to 
each point to a sector that Was pointed to by a neXt 
higher usage status pointer before said perforrning. 

20. The method of claim 17, further comprising initialiZ 
ing the pointer values in response to an initialiZation event, 
Wherein said initialiZing cornprises assigning each pointer 
value an initial pointer value. 

21. A cache subsystern comprising: 
an N-Way set-associative cache, Wherein the cache corn 

prises a memory logically divided into at least one set, 
Wherein each set cornprises N Ways, Wherein each set 
is further partitioned into a plurality of sectors, Wherein 
each sector comprises a plurality of the N Ways, and 
Wherein each Way is con?gured to store a line; and 
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a plurality of pointer registers each con?gured to store a 
pointer value identifying one of the sectors in an 
associated one of the sets, Wherein a least recently used 
(LRU) pointer register associated With a ?rst set is 
con?gured to store a LRU pointer value identifying a 
LRU sector Within the ?rst set, Wherein a most recently 
used (MRU) pointer register associated With the ?rst set 
is con?gured to store a MRU pointer value identifying 
a MRU sector Within the ?rst set; and 

a cache controller coupled to the pointer registers and 
con?gured to read the value stored in the LRU pointer 
register when performing a ?ll in the ?rst set and to ?ll 
one of the Ways Within the LRU sector in the ?rst set. 

22. The cache subsystem of claim 21, Wherein the cache 
controller is further con?gured to update one or more of the 
pointer values stored in the pointer registers as a result of 
performing an operation on one of the N Ways in the ?rst set. 

23. The cache subsystem of claim 21, further comprising 
a plurality of cornparators con?gured to compare the pointer 
values stored in the pointer registers to a sector identi?er 
identifying a sector being operated upon. 

24. The cache subsystem of claim 23, further comprising 
a parity detector coupled to the cornparators, Wherein the 
parity detector is con?gured to detect a parity error if more 
than one of the pointer values equal the sector identi?er. 

25. The cache subsystem of claim 23, further comprising 
a plurality of rnultipleXers, Wherein each rnultipleXer is 
con?gured to output a value to be loaded into an associated 
one of the pointer registers. 

26. The cache subsystem of claim 25, Wherein a ?rst 
portion of the rnultipleXers each have one input coupled to 
receive a neXt higher usage status pointer register than their 
associated pointer register. 

27. The cache subsystem of claim 25, Wherein a ?rst 
portion of the rnultipleXers each have one input coupled to 
receive a pointer value stored in a neXt loWer usage status 
pointer register than their associated pointer register. 

28. The cache subsystem of claim 25, Wherein a ?rst 
portion of the rnultipleXers each have one input coupled to 
receive a pointer value stored in their associated pointer 
register. 

29. The cache subsystem of claim 25, Wherein a ?rst 
portion of the rnultipleXers each have one input coupled to 
receive an initialiZation pointer value for their associated 
pointer register. 

30. The cache subsystem of claim 29, Wherein none of the 
initialiZation pointer values are a same value. 

31. The cache subsystem of claim 25, Wherein a ?rst 
rnultipleXer con?gured to output a value to be loaded into the 
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LRU pointer register has an input coupled to receive the 
sector identi?er, Wherein if a Way in the sector being 
operated on is invalidated, the ?rst rnultipleXer Will output 
the sector identi?er to be loaded into the LRU pointer 
register. 

32. The cache subsystem of claim 25, Wherein a ?rst 
rnultipleXer con?gured to output a value to be loaded into the 
MRU pointer register has an input coupled to receive the 
LRU pointer value stored in the LRU pointer register, 
Wherein if a Way in the sector being operated on is ?lled and, 
after the Way is ?lled, the LRU sector contains no invalid 
Ways, the ?rst rnultipleXer is con?gured to output the LRU 
pointer value to be loaded into the MRU pointer register. 

33. The cache subsystem of claim 32, further comprising 
an inverter coupled to the input of the ?rst rnultipleXer, 
Wherein the inverter is con?gured to toggle a least signi? 
cant bit of the LRU pointer value that identi?es a LRU Way 
in the LRU sector. 

34. The cache subsystem of claim 21, Wherein each sector 
comprises more than 2 Ways and is further partitioned into 
a plurality of subsectors, Wherein each subsector comprises 
at least 2 Ways. 

35. A cache subsystern comprising: 
an N-Way set-associative cache, Wherein the cache corn 

prises a memory logically divided into at least one set, 
Wherein each set cornprises N Ways, Wherein each set 
is further partitioned into a plurality of sectors, Wherein 
each sector comprises a plurality of the N Ways, and 
Wherein each Way is con?gured to store a line; and 

a cache controller coupled to the cache and con?gured to 
detect a relative usage status of each sector in a ?rst set, 
Wherein the cache controller is further con?gured to 
detect Which sector is a least recently used (LRU) 
sector when performing a ?ll in the ?rst set and to ?ll 
one of the Ways Within the LRU sector in the ?rst set 
by reading a value stored in an LRU pointer register, 
the value corresponding a sector in the ?rst set. 

36. The cache subsystem of claim 35, Wherein the cache 
controller is further con?gured to ?ll a LRU Way Within the 
LRU sector. 

37. The cache subsystem of claim 35, Wherein the cache 
controller is further con?gured to update the relative usage 
status of each sector in the ?rst set in response to an 
operation being performed on one of the Ways in the ?rst set 
that affects a relative usage status of the sectors in the ?rst 
set. 


